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ABSTRACT 



A low dielectric constant, multiphase material which can be 
used as an interconnect dielectric in IC chips is disclosed. 
Also disclosed is a method for fabricating a multiphase low 
dielectric constant film utilizing a plasma enhanced chemi- 
cal vapor deposition technique. Electronic devices contain- 
ing insulating layers of the multiphase low dielectric con- 
stant materials that are prepared by the method arc further 
disclosed. 

14 Claims, 4 Drawing Sheets 




U.S. Patent Nov. 6, 2001 Sheet 1 of 4 US 6,312,793 Bl 




U.S. Patent 



Nov. 6, 2001 



Sheet 2 of 4 



US 6,312,793 Bl 




FIG.6 



U.S. Patent Nov. 6, 2001 Sheet 3 of 4 US 6,312,793 Bl 




4000 3000 2000 1000 

Wavenumbers(cm-I) 

FIG. 4 




4000 3000 2000 1000 



Wavenumbers (cm-1) 

FIG. 5 



U.S. Patent 



Nov. 6, 2001 



Sheet 4 of 4 



US 6,312,793 Bl 




FIG.9 



US 6,312,793 Bl 

1 2 

MULTIPHASE LOW DIELECTRIC It is a further object of the present invention to provide a 

CONSTANT MATERIAL method for fabricating a multiphase material wherein the 

FIEI D OF THE INVENTION first P Dase ■* a hydrogenated oxidized silicon carbon film 

_ . ,. , .. (contains Si, C,0 and Hand henceforth called SiCOH), and 

The present mven ron generally relates to a mult.phase . M ^ a ^ ^ rf c ^ „ 
material that has a low dielectric constant (or low k), a atoms 
method for fabricating films of this material and electronic 

devices containing such films. More particularly, the present 11 is a further object of the present invention to prepare a 
invention relates to a low dielectric constant, multiphase multiphase material that contains nanometer-sized voids, 

material for use as an intralevel or interlevel dielectric film, It is another further object of the present invention to 

a cap material, or a hard mask/polish stop in a ULS1 10 prepare a multiphase material that has a dielectric constant 

back-end-of-the-line (BEOL) wiring structure, electronic which is at least 10% lower than that of a single phase 

structures containing the films and a method for fabrication SiCOH dielectric material. 

such films and structures. , ( ^ ^ Qbject Qf ^ prescn( invcntion (q 

BACKGROUND OF THE INVENTION l5 provide a method for fabricating a low dielectric constant, 

The continuous shrinking in dimensions of electronic thermally stable multiphase film from a precursor mixture 

devices utilized in UISI circuits in recent years has resulted which contains two or more different precursor molecules, 

in increasing the resistance of the BEOL metallization as It is still another further object of the present invention to 

well as increasing the capacitance of the intralayer and provide a method for fabricating a low dielectric constant 

interlayer. This combined effect increases signal delays in 2n material including two or more phases in a parallel plate 

ULSI electronic devices. In order to improve the switching ~~ plasma enhanced chemical vapor deposition chamber, 

performance of future ULSI circuits, low dielectric constant ,, b stiu objcc( of thc , mveotioQ tQ 

(k) insulators and particularly those with k significantly plovide , method fot fabricali a low di^crfc c^nt 

lower than that of silicon oxide are needed to reduce the material mcluding wo or more phases using a remole 

capacitances. Dielectnc materials that have low k values ^ p]asnla chemj cal vapor deposition process, 

have been commercially available, for instance, one of such ,, • . .• . r.u . • .• . •. 

materials is poly.etrafluoroethylene (PTFE) with a k value of h of the present invention o provide 

2.0. However, these dielectric materials are not thermally a , m f °** for * bncatm 8 a . /°' »* 1° 

stable when exposed to temperatures above 300-350° C S . U " ID '[ aleVel ° f m ' CrleVel 

which renders them useless during integration of these x m a in erconnec s mc ure - 

dielectrics in ULSI chips which require a thermal stability of " 15 vet another further object of the present invention to 

at least 400° C. provide a multiphase material with a low internal stress and 

The low-k materials that have been considered for appli- a dielectric ^stMt of not higher than 3.2. 

cations in ULSI devices include polymers containing Si, C, is s,i11 another further object of tbe present invention to 

O, such as methylsiloxane, methylsesquioxanes, and other 35 provide an electronic structure incorporating layers of insu- 

organtc and inorganic polymers. For instance, materials lating materials as intralevel or interlevel dielectrics in a 

described in a paper "Properties of new low dielectric BEOL wiring structure in which at least one of the layers of 

constant spin-on silicon oxide based dielectrics" by insulating materials is a multiphase material. 

N.IIacker et al., published in Mat. Res. Soc. Symp. Proa, It is yet another further object of the present invention to 

vol. 476 (1997) p25 appear to satisfy the thermal stability 40 provide an electronic structure which has layers of mul- 

requircment, even though some of these materials propagate tiphase materials as intralevel or interlevel dielectrics in a 

cracks easily when reaching thicknesses needed for Integra- BEOL wiring structure which contains at least one dielectric 

. lion in the interconnect structure when films are prepared by cap layer formed of different materials for use as a reactive 

a spin-on technique. Furthermore, the precursor materials ion etching mask, a polish stop or a diffusion barrier, 

are high cost and prohibitive for use in mass production. In « 

contrast .0 this, most of the fabrication steps of VLSI and SUMMARY OF THE INVENTION 
ULSI chips are carried out by plasma enhanced chemical or In accordance with the present invention, a novel dielec- 
physical vapor deposition techniques. The ability to fabri- trie material that has two or more phases wherein the first 
cate a low-k material by a PECVD technique using readily phase is formed of a SiCOH material is provided. The 
available processing equipment will thus simplify its inte- 50 invention further provides a method for fabricating the 
gration in the manufacturing process, reduce manufacturing multiphase material by reacting a first precursor gas con- 
cost, and create less hazardous waste. Aapphcation(Ser. No. taining atoms of Si, C, O, and H and at least a second 
09/107,567), now U.S. Pat. No. 6,147,009, assigned to the precursor gas containing mainly atoms of C, H, and option- 
common assignee of thc present invention, which is incor- ally F, N and O in a plasma enhanced chemical vapor 
poratcd here by reference in its entirety, described a low 55 deposition chamber. The present invention still further pro- 
dielectric constant material consisting of Si, C, O and H vides an electronic structure that has layers of insulating 
atoms having a dielectric constant not more than 3.6 and materials as intralevel or interlevel dielectrics used in a 
which exhibits very low crack propagation velocities. Fur- BELOL wiring structure wherein the insulating material 
ther reduction of the dielectric constant of such a material may be a multiphase film. 

will further improve the performance of electronic devices m lrJ a p re f erre d embodiment, a method lor fabricating a 

incorporating such dielectric. ^ phase film is described. In the dual phase film, the first 

It is therefore an object of the present invention to provide phase is formed of hydrogenated oxidized silicon carbon and 

a low dielectric constant material consisting of two or more the second phase is formed of mainly C and H atoms. The 

phases and having a dielectric constant of not more than 3.2. method can be carried out by the operating steps of first 

It is another object of the present invention to provide 65 providing a plasma enhanced chemical vapor deposition 

methods for fabricating thc multiphase materials of this chamber, positioning an electronic structure in thc chamber, 

invention. flowing a first precursor gas containing atoms of Si, C, O, 
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and II into ihe chamber, flowing a second precursor gas 
mixture containing atoms of C, H, and optionally F, N and 
0 into Ihe chamber, and depositing a dual-phase film on the 
substrate. Optionally, the deposited film can be heat treated 
at a temperature of not less than 300° C. for a time period 
of at least 0.25 hour. The method may further include the 
step of providing a parallel plate reactor which has a 
conductive area of a substrate chuck between about 300 cm 2 
and about 700 era 2 , and a gap between the substrate and a 
top electrode between about I cm and about 10 cm. A RF 
power is applied to at least one of the electrodes. The 
substrate may be positioned on the powered electrode or on 
the grounded electrode. 

The first precursor utilized may be selected from mol- 
ecules containing at least some of Si, C, O, aad H atoms. 
Oxidizing molecules such as O, or N,0 can be added to the 
first precursor. Preferably the first precursor is selected from 
molecules with ring structures such as 1,3 ,5,7- 
tetramethylcyclotetrasiloxane (TMCTS or C 4 H, 6 0 4 Si 4 ), tet- 
raethylcyclotctrasiloxane (C 8 H, 4 0 4 Si 4 ), decamcthylcycio- 
pentasiloxane (C 1Q I I^jOjSi,) molecules of methylsilanes 
mixed with an oxidizing agent such as O, or N 2 0 or 
precursor mixtures including Si, O and C. Ihe precursor can 
be delivered directly as a gas to the reactor, delivered as a 
liquid vaporized directly within the reactor, or transported 



procedures as described above for the dual-phase film, 
however, the second precursor gas mixture contains atoms 
of C, H and optionally, F, N, and O in at least two types of 
molecules. In one example, the mixture consists of at least 
one of cyclic molecules, as those described above, and at 
least one of noncyclic type molecules selected from the 
group of alkanes, alkenes, alkynes, ethers, alcohols, esters, 
ketones, aldehydes, amines, or other O, N or F containing 
noncyclic hydrocarbons. 

The deposition of the multiphase material of this inven- 
tion may further include the steps of setting the substrate 
temperature at between about 25° C. and about 400° C, 
setting the RF power density at between about 0.02 W./cm 2 
and about 5.0 W/cm 2 , setting the first precursor How rate at 
between about 5 seem and about 1000 seem, setting the Bow 
rate of the first gas of the second precursor between about 5 
seem and about 1000 seem, setting the flow rate of the 
second gas of the second precursor between about 5 seem 
and about 1000 seem, setting the chamber pressure at 
between about 50 m Torr and about 10 Torr, and setting a 
substrate DC bias at between about 0 VDC and about -400 
VDC. 

The present invention is further directed to an electronic 
structure which has layers of insulating materials as intra- 



by an inert carrier gas such as helium or argon. The 2 s level or interlevel dielectrics in a BEOL interconnect struc- 
precursor mixture may further contain elements such as hire which includes a pre-processed semiconducting sub- 
nitrogen, fluorine or germanium. strate that has a first region of metal embedded in a first layer 
The second precursor gas mixture utilized may be of insulating materia], a first region of conductor embedded 
selected from molecules containing C and H atoms. in a second layer of insulating material which includes a 
Optionally, O, N or F atoms may be contained in the x multiphase material, the second layer of insulating material 
molecules, or molecules containing such atoms may be being in intimate contact with the first layer of insulating 
added to the precursor mixture. In one embodiment, the material, the first region of conductor being in electrical 
second precursor is selected from the group comprising communication with the first region of metal, and a second 
molecules with ring structures containing C and H atoms region of conductor being in electrical communication with 
such as cyclic hydrocarbons, cyclic alcohols, cyclic ethers, 35 the first region of conductor and being embedded in a third 
cyclic aldehydes, cyclic ketones, cyclic esters, pheonols, layer of insulating material including a multiphase material, 
cyclic amines, or other O, N or F containing cyclic hydro- the third layer of insulating material being in intimate 
carbons. More preferably, the second precursor molecule is contact with the second layer of insulating material, 
a multicyclic (or polycyclic) hydrocarbon containing about The electronic structure may further include a dielectric 
6 to 12 carbon atoms, with preferred examples being 2,5- w cap layer situated in-between the first layer of insulating " 
norbornadiene (also known as bicyclo[2.2.1]hcpta-2,5- material and ihe second layer of insulating material, and may 
dienc), norbornylene 2,5-norbornadicne (also known as further include a dielectric cap layer situated in-between the 
bicyclo [2.2.1]hepta-2,5-diene), norbornane (also known as second layer of insulating material and the third layer of 
bicyclo[2.2.1Jieptane). Other examples are tricyclo[3.2.1.0] insulating material. The electronic structure may further 
octane, tricyclo[3.2.2.0]nonane, connected ring hydrocar- 4S include a first dielectric cap layer between the second layer 



bons such as spiro[3.4]oelane, spirol[4.5]nonane, spiro[5.6] 
decane, and Ihe like. Alternatively, cyclic hydrocarbons 
containing from 5 to 12 carbon atoms (cyclopentane, 
cyclohexane, and the like) and also cyclic aromatic hydro- 
carbons containing 6 to 12 C atoms (benzene, toluene, 
xylenes, and the like) may be used. Optionally, O or F atoms 
may be contained in the molecules, or molecules containing 
such atoms added to the precursor mixture. 

In another embodiment, a method for fabricating a dual- 
phase film consisting of hydrogenated oxidized silicon car- 
bon and a second phase consisting essentially of C and H 
atoms can be carried out by the operating steps of first 
providing a parallel plate deposition chamber, positioning an 
electronic structure in the chamber, providing a remote 
plasma source, flowing a first precursor gas containing 
atoms of Si, C, O, and H into the plasma source and from 
there into the deposition chamber, flowing a second gas 
mixture containing atoms of C, H, and optionally O, directly 
into the chamber, depositing a multiphase film on the 
substrate. 

In yet another embodiment, a multiphase film is 
described. The multiphase film is prepared by the same 



of insulating material and the third layer of insulating 
material, and a second dielectric cap layer on top of the third 
layer of insulating material. 
The dielectric cap material can be selected from silicon 
) oxide, silicon nitride, silicon oxirritride, refractory metal 
silicon nitride with the refractory metal being Ta, Zr, Hf or 
W, silicon carbide, silicon carbo-oxide, and their hydroge- 
nated compounds. The first and the second dielectric cap 
layer may be selected from the same group of dielectric 
j materials. The first layer of insulating material may be 
silicon oxide or silicon nitride or doped varieties of these 
materials, such as PSG or BPSG. The electronic structure 
may further include a diffusion barrier layer of a dielectric 
material deposiled on at least one of the second and third 
) layer of insulaling material. 'ITie eleclronic structure may 
further include a dielectric layer on top of the second layer 
of insulaling material for use as a RIE hard mask* polish stop 
layer and a dielectric diffusion barrier layer on top of the 
dielectric RIE hard mask/polish-stop layer. The electronic 
structure may further include a first dielectric RIE hard 
mask/polish-stop layer on top of the second layer of insu- 
lating material, a first dielectric RIE diffusion barrier layer 



US 6,312,793 Bl 



on top of the first dielectric polisb-stop layer, a second 
dielectric RIE hard mask/polish-slop layer on topof the third 
layer of insulating material, and a second dielectric diffusion 
barrier layer on top of the second dielectric polish-stop layer. 
The electronic structure may further include a dielectric cap 5 
layer of same materials as mentioned above between an 
interlevel dielectric of a multiphase material and an inlra- 
level dielectric of a multiphase material. 

BRIEF DESCRIPTION OF THE DRAWINGS 10 

These and other objects, features and advantages of the 
present invention will become apparent from the following 
detailed description and the appended drawings in which: 

FIG. 1 is a cross-sectional view of the present invention 1S 
parallel plate chemical vapor deposition chamber. 

FIG. 2A is an enlarged, cross-sectional view of the present 
invention dual-phase material. 

FIG. 2B is a schematic representation of the random 
covalent structure of the first phase of the present invention 2« 
dual-phase material. 

FIG. 3 is an enlarged, cross-sectional view of the present 
invention tri-phase material. 

FIG. 4 is a FT1R (Fourier Transform Infrared) spectrum 
obtained from a single phase SiCOH film deposited from a 
mixture of tetramethyltelracyclosiloxane (TMCTS) and He. 

FIG. 5 is a FITR spectrum obtained from the present 
invention dual-phase material deposited from a mixture of 
TMCTS+He and 2,5-norbornadiene (also known as bicyclo 3U 
[2.2.1]hepta-2,5-diene). 

FIG. 6 is an enlarged, cross-sectional view of a present 
invention electronic device having an intralevel dielectric 
layer and an interlevel dielectric layer formed of the mul- 
tiphase material. 35 

FIG. 7 is an enlarged, cross-sectional view of the present 
invention electronic structure of FIG. 6 having an additional 
diffusion barrier dielectric cap layer deposited on top of the 
multiphase material film. 

FIG. 8 is an enlarged, cross-sectional view of the present 40 
invention electronic structure of FIG. 7 having an additional 
RIE hard mask/polish stop dielectric cap layer and a dielec- 
tric cap diffusion barrier layer deposited on top of the 
polish-stop layer. 

FIG. 9 is an enlarged, cross-sectional view of the present 45 
invention electronic structure of FIG. 8 having additional 
RIE hard mask/polish stop dielectric layers deposited on top 
of the multiphase material film. 



DETAILED DESCRIPTION OF THE 50 
PREFERRED AND ALTERNATE 
EMBODIMENTS 
The present invention discloses a novel multiphase mate- 
rial that has a low dielectric constant, and a method for 55 
fabricating films of the material. The material disclosed in 
the preferred embodiment contains at least two phases, in 
which the first phase is a "host" matrix of a hydrogenated 
oxidised silicon carbon material (SiCOH) consisting of Si, 
C, O and H in a covalently bonded network and having a 60 
dielectric constant of not more than 3.6. The other phases of 
the material of the invention consist mainly of C and H 
atoms. The multiphase material may further contain molecu- 
lar scale voids, i.e., approximately 0.5 to 20 nanometer in 
diameter. The present invention further discloses a method 65 
for fabricating a multiphase material in a parallel plate 
plasma enhanced chemical vapor deposition chamber. Afirst 



precursor gas containing Si, O, C and II and optionally 
molecules which have a ring structure, and a second pre- 
cursor gas or gas mixture containing one or more types of 
molecules comprising carbon and hydrogen atoms, can be 
used for forming the multiphase film. The low dielectric 
constant multiphase film of the invention can further be heat 
treated at a temperature not less than 300° C. for at least 0.5 
hour to reduce the dielectric constant. 

During this heat treatment step, molecular fragments 
derived from the second precursor gas (or gas mixture) 
containing essentially carbon and hydrogen atoms may 
thermally decompose and may be converted into smaller 
molecules which are released from the film. Optionally, 
further development of voids may occur in the film by said 
process of conversion and release of the molecular frag- 
ments. The film density is thus decreased. 

The present invention discloses a method for preparing a 
material having two or more phases that has a low dielectric 
constant, i.e., lower than 3.2, which is suitable for integra- 
tion in a BEOL wiring structure. The films can be prepared 
by choosing at least two suitable precursors and a specific 
combination of processing parameters as described below. 

Referring initially to FIG. 1 wherein a simplified view of 
a PECVD reactor 10 for processing 200 mm wafers is 
shown. The gas precursors are introduced into reactor 10 
through the gas distribution plate (GDP) 14, which is 
separated from the substrate chuck 12 by a gap and are 
pumped out through a pumping port 18. The RF power 20 
is connected to the substrate chuck 12 and transmitted to the 
substrate 22. For practical purposes, all other parts of the 
reactor are grounded. The substrate 22 thus acquires a 
negative bias, whose value is dependent on the reactor 
geometry and plasma parameters. In a different embodiment, 
the RF power 20 can be connected to the GDP 14, which is 
electrically insulated from the chamber, and the substrate 
chuck 12 is grounded. In another embodiment, more than 
one electrical power supply can be used. For instance, two 
power supplies can operate at the same RF frequency, or one 
may operate at a low frequency and one at a high frequency. 
The two power supplies may be connected both to the same 
electrode or to separate electrodes. In another embodiment, 
the RF power supply can be pulsed on and off during 
deposition. Process variables controlled during deposition of 
the low-k films are RF power, precursor mixture and flow 
rate, pressure in reactor, and substrate temperature. Follow- 
ing is a first example of deposition of the present invention 
film from a first precursor (TMCTS) and a second precursor 
2,5-norboroadiene (also known as bicycloT2.2.1]hepta-2,5- 
diene, or BCHD). In the example, the TMCTS precursor 
vapors were transported into the reactor by using He as a 
carrier gas. Optionally, the films were heat treated at 400° C. 
after deposition to reduce k. 

Referring now to FIG. 2A the dual-phase material of the 
present invention is shown in an enlarged, cross-sectional 
view. The first phase 31 is a "host") matrix which is a 
hydrogenated oxidized silicon carbon material (SiCOH) 
including Si, C, O and H in a covalently bonded network and 
has a dielectric constant of not more than 3.6. The covalently 
bonded network structure of the first phase is shown in FIG. 
2B. 

Referring now to FIG. 2B, the dark lines represent cova- 
lent bonds between the Si, C, O and H atoms. This is a 
random network, so that no fundamental repeating unit 
exists for the structure. The hydrogen atoms are shown as 
"H" labeled 1. The oxygen atoms in the network are shown 
as "O" and arc labeled 2. The carbon atoms in the network 



L'USiO (*) Silt/SiO (•>) 



US 6,312,793 Bl 

7 8 

are represented by "C" and are labeled 3. The silicon atoms of the Si — CII 3 peak in the SiCOf I film. This is a clear 

in the network arc represented by the intersection of four indication that the multiphase film contains a significant 

lines and arc labeled 4. The oxygen atoms, 2, lie between 2 amount of a secondary CHx (hydrocarbon) phase in addition 

atoms of either C or Si. Located within the first phase is the to the SiCOH phase. Another indication of the secondary 

second phase 32 of the present invention material. The s phase is provided by the splitting of the Si — O peak in the 

second phase consists essentially of C and H atoms. The spectrum of the multiphase material seen in FIG. 5. 
multiphase material further includes a multiplicity of pores 

of nanometer size, i.e., from 0.5 lo 200 nanometer in TABLE 1 

diameter. The covalently bonded network structure of the — 

first phase, also called the "host" matrix, is shown in FIG. to 
2B. 

Referring to FIG. 3, the tri-phasc material of the present — 

invention is shown in an enlarged, cross-sectional view. The Muir'hase 40 is 5 

first phase 33 is a "host" matrix which is a hydrogenated _ 

oxidized silicon carbon material (SiCOH) consisting of Si, 15 
C, O and H in a covalently bonded network and having a 

dielectric constant of not more than 3.6. The structure of the EXAMPLE 2 

first phase has been shown above h HO ffl. Located within ,„ , his un^^i^ cxample> tbe plasma was opcratcd 

the first phase .stte second phase 34 of the present invention ^ a continuous mode durin mm deposition . The gas 

materia^ and the third phase 35 of the present invention * mixtU r e consisted of a mixmre of TMCTS + He at a flow rate 

material. Ihe second phase consists essentially of C and H of 30 sccm ^ BCHD al a flow ratc of lsccm/Thc pressure 

atoms and a multeity of pores of a nanometer size, i.e.. m the reactor was mamtained at 500 m Xorr ^ substrate 

from 0.5 to 200 nanometer in diameter. was position on tbe powered electrode to which a RF 

The third phase 35 may be open regions in the matrix that power of 6 W was applied at a frequency of 13.56 MHZ. The 

are created by the presence of the "guest" molecules. The substrate acquired a self negative bias of -25 VDC. The film 

open regions may be voids that are induced by the presence deposited has a dielectric constant of k-2.82 in as-deposited 

of the guest molecules which disrupt the random network condition. After an anneal of 4 hours at 400° C, the film has 

(FIG. 2B) of the first phase of the multiphase material of this a dielectric constant of k-2.81. 
invention. Alternatively, the third phase consists of C and H 

atoms, and a multiplicity of pores of a nanometer size. The 30 EXAMPLE 3 
size of the pores may be larger than the pores in the 

dual-phase composition. Specifically, the size of the pores in In ,hls implementation example, the plasma was operated 

the third phase is from 0.5 lo 100 nanometer in diameter. m a Dulsed mode durm * film ^P^^u, i.e., with a plasma- 
on tune of 18 ms and a plasma-off time of 182 ms per cycle. 

EXAMPLE 1 35 The other conditions are maintained the same as in Example 

In this implementation example, a plasma was operated in 

a continuous mode during film deposition. The gas mixture EXAMPLE 4 
consisted of a mixture of TMCTS+he at a flow rate of 30 

sccm and BCHD at a How rale of 3 sccm. The pressure in the 40 1° thi s example, a different precursor of trimethylsilane 

reactor was maintained at 500 m Torr. 1 "he substrate was was used together with BCHD with the plasma operated in 

positioned on the powered electrode to which a RF power of a continuous mode during film deposition. The pressure in 

15 W was applied at a frequency of 13.56 MHZ. The the reactor was maintained at 200 mTorr. The substrate was 

substrate acquired a self negative bias of -17 VDC. The film positioned on the powered electrode to which a RF power of 

thus deposited had a dielectric constant of k-3.13 in 45 0 W was applied at a frequency of 13.56 MHZ. The substrate 

as-deposited condition. After an anneal of 4 hours at 400 acquired a self negative bias of -200 VDC. The primary 

degrees C, the film has a dielectric constant of k-2.91. P naS€ m the dual-phase film thus deposited consists of Si, C 

Results of the first embodiment are now discussed in and H wi,hout 0 

reference to FIGS. 4 and 5. FIG. 4 presents a Fourier FY . 

transform infrared (FTIR) spectrum of a lypical SiCOH film. so tAAMfLts 

The spectrum displays a strong Si — O absorption band at In this implementation, a multiphase film is prepared by 

1000-1100 cm" 1 , a Si— CH 3 absorption peak at 1275 cm" 1 , a method similar to the one described in Example 1 with the 

a Si — H absorption band at 2150-2250 cm" 1 and small only difference that an additional noncyclic hydrocarbon of 

C— H absorption peaks at 2900-3000 cm" 1 . The relative tertiary butyl ether (TBE) was added to the gas mixture. The 

intensities of the CH, SiH and SiCH3 peaks as compared to 55 resulting films consist of a SiCOH matrix, a CHx phase 

the SiO peak of the SiCOH film are presented in Table 1. containing CH ring structures and a Clly phase containing 

FIG. 5 presents the FTIR spectrum obtained from a linear CH structures. If the ring hydrocarbon precursors 

multiphase film prepared from a mixture of (TMCTS+He)+ contains phenolic rings, the first CHx phase in the film will 

BCHD. The spectrum displays the Si — O, Si— CH 3 , the include aromalic CH structures. 

Si— H, and C— H absorption peaks, as in FIG. 4. However, «o The present invention novel material consists of two or 

the intensity of the C— H absorption band at 2900-3000 more phases. The first phase composition includes atoms of 

cm" 1 is much stronger for the multiphase film than for the Si, C, O and H. A suitable concentration range can be 

SiCOH film shown in FIG. 4. The relative intensities of the advantageously selected from between about 5 and about 40 

CH, SiH and SiCH 3 peaks as compared to the SiO peak for atomic percent of Si; between about 5 and about 45 atomic 

this film are also shown in Table 1. As can be seen in the 65 percent of C; between about 0 and about 50 atomic percent 

tabic, the integrated area of C — H peak of the multiphase of O; and between about 10 and about 55 atomic percent of 

film is 40% of that of the Si— CH 3 peak, while it is only 2% H. It should be noted that when the atomic percent of O is 
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0, a composition of SiCH is produced which has properties 
similar to that of SiCOH and therefore, may also be suitably 
used as a present invention composition. For instance. 
Example 4 describes a film containing a first phase of SiCII 
with no oxygen. The SiCH film may be deposited by flowing 
a precursor gas containing Si, C and H into a plasma 
enhanced chemical vapor deposition chamber. The second 
phase composition includes atoms of C and H and optional 
F and O. A suitable concentration range can be advanta- 
geously selected from between about 90 and about 45 
atomic percent of C and between about 10 and about 55 
atomic percent of H. The present invention material further 
includes molecular size voids dispersed within the mul- 
tiphase material. The present invention material composition 
may further include at least one element such as F, N or Ge 
while producing similarly desirable results. 

The films deposited as described above are characterized 
by FTIR spectrum similar to the one shown in FIG. 5. The 
spectrum has strong Si-0 absorption band at 1000-1100 
— ' a Si— CH 3 absorption peak at 1275 cm' 1 , a Si-H 



The electronic devices formed by the present invention 
novel method are shown in FIGS. 6-9. It should be noted 
that the devices shown in FIGS. 6-9 are merely illustration 
examples of the present invention method while an infinite 
, number of other devices may also be formed by the present 
invention novel method. 

In FIG. 6, an electronic device 30 built on a silicon 
substrate 32 is shown. On top of the silicon substrate 32, an 
insulating material layer 34 is first formed with a first region 
5 of metal 36 embedded therein. After a CMP process is 
conducted on the first region of metal 36, a multiphase film 
38 of the present invention is deposited on top of the first 
layer of iasulating material 34 and the first region of metal 
36. The first layer of insulating material 34 may be suitably 
, formed of silicon oxide, silicon nitride, doped varieties of 
these materials, or any other suitable insulating materials. 
The multiphase film 38 is then patterned in a photolithog- 
raphy process and a conductor layer 40 is deposited thereon. 



After a CMP process on the first conductor layer 40 is 
absorption band at 2150-2250 cm" 1 and a very strong C-H 20 <-amed out. a second layer of multiphase film 44 is deposited 
absorption band at 2900-3000 cm" 1 . The relative intensities b ? a P lasma enhanced chemical vapor deposition process 
of the CH, SiH and SiCH 3 peaks as compared to the SiO overlying the first multiphase film 38 and the first conductor 
peak of the SiCOH film are presented in Table 1. The relative la y« 40. The conductor layer 40 may be deposited of a 
intensities of the peaks can change with changing deposition metallic material or a nonmetallic conductive material. For 
conditions and changing precursor gases. The SiO absorp- 25 instance, a metallic material of aluminum or copper, or a 
tion band can be deconvoluted in two peaks at 1070 cm" 1 nonmetallic material of nitride or polysilicon. The first 
and 1030 cm" 1 with the first peak indicating the existence of conductor 40 is in electrical communication with the first 
a nanoporous. Si — O cage structure The large ratio of the 
integrated area of C— H peak to that of the Si— CH 3 peak 
(40%, see Table 1) compared to a ratio of only 2% of the „ 
SiCOH film is a clear indication that the multiphase film 
contains a significant amount of a secondary CHx 
(hydrocarbon) phase in addition to the SiCOH phase. 

Other gases such as Ar, H 2 , and N, can be used as carrier 
gases. If the precursor has sufficient vapor pressure, no J: 
carrier gas may be needed. An alternative way to transport 
a liquid precursor to the plasma reactor is by use of a liquid 
delivery system. Nitrogen, hydrogen, germanium, or fluo- 
rine containing gases can be added to the gas mixture in the 

reactor if needed to modify the low-k film properties. The 40 material 38. In this example, the first layer of insulating 
multiphase films may thus contain atoms such as Ge, N and material 38 of multiphase is an intralevel dielectric material, 
F. while the second layer of insulating material, i.e., the 

If desired, the deposited multiphase films may optionally multiphase film 44 is both an intralevel and an interlevel 
be further modified before undergoing further integration dielectric. Based on the low dielectric constant of the 
processing to either evaporate the residual volatile contents 45 multiphase film, superior insulating property can be 
and to dimensionally stabilize the films or just dimensionaUy achieved by the first insulating layer 38 and the second 
stabilize the films. The stabilization process can be carried insulating layer 44. 

out in a furnace annealing step at between 300° C. and 400° FIG. 7 shows a present invention electronic device 60 
C. for a time period between about 0.25 hours and about 4 similar to that of electronic device 30 shown in FIG. 6, but 
hours. The stabilization process can also be performed in a 50 with an additional dielectric cap layer 62 deposited between 
rapid thermal annealing process at temperatures above 300° the first insulating material layer 38 and the second insulat- 



region of metal 36. 

A second region of conductor 50 is then formed after a 
photolithographic process on the second multiphase film 
layer 44 is conducted followed by a deposition process for 
the second conductor material. The .second region of con- 
ductor 50 may also be deposited of either a metallic material 
or a nonmetallic material, similar to that used in depositing 
the first conductor layer 40. The second region of conductor 
50 is in electrical communication with the first region of 
conductor 40 and is embedded in the second layer of 
multiphase insulator 44. The second layer of multiphase film 
with the first layer of insulating 



C. The dielectric constant of the multiphase films obtained 
according to the present invention novel process are not 
higher than 3.2. 'Ilie thermal stability of the multiphase films 
obtained according to the present invention process is up to 5 
at least a temperature of 350° C. 

The multiphase films obtained by the present invention 
process are characterized by dielectric constants of k<3.2, 
and are thermally stable for process integration in a BEOL 
interconnect structure which is normally processed at tem- ft 
peratures of up to 400° C. Furthermore, the multiphase films 
have extremely low crack propagation velocities in water, 
i.e., below 10" 3 m/s and may even be below 10~" m/s. The 
present invention novel material and process can therefore 
be easily adapted in producing multiphase films as intralevel & 
and interlevel dielectrics in BEOL processes for logic and 
memory devices. 



ing material layer 44. The dielectric cap layer 62 c 
suitably formed of a material such as silicon oxide, silicon 
nitride, silicon oxinitride, refractory metal silicon nitride 
with the refractory metal being Ta, Zr, Hf or W, silicon 
carbide, silicon carbo-oxide (SiCO), and their hydrogenated 
compounds. The additional dielectric cap layer 62 functions 
as a diffusion barrier layer for preventing diffusion of the 
first conductor layer 40 into the second insulating material 
layer 44 or into the lower layers, especially into layers 34 
and 32. 

Another alternate embodiment of the present invention 
electronic device 70 is shown in FIG. 8. In the electronic 
device 70, two additional dielectric cap layers 72 and 74 
which act as a RIE mask and CMP (chemical mechanical 
polishing) polish stop layer arc used. The first dielectric cap 
layer 72 is deposited on top of the first multiphase insulating 
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material layer 38 and used as a RIE mask. The function of 
the second dielectric layer 74 is to provide an end point for 
the CMP process utilized in planarizing the first conductor 
layer 40. The polish stop layer 74 can be deposited of a 
suitable dielectric material such as silicon oxide, silicon 
nitride, silicon oxinitride, refractory metal silicon nitride 
with the refractory metal being Ta, Zr, Hf or W, silicon 
carbide, silicon carbo-oxide (SiCO), and their hydrogenated 
compounds. The top surface of the dielectric layer 72 is at 
the same level as the first conductor layer 40. A second 
dielectric layer 74 can be added on top of the second 
multiphase insulating material layer 44 for the same pur- 
Still another alternate embodiment of the present inven- 
tion electronic device 80 is shown in FIG. 9. In this alternate 
embodiment, an additional layer 82 of dielectric material is 
deposited and thus dividing the second insulating material 
layer 44 into two separate layers 84 and 86. The intralevel 
and interlevel dielectric layer 44 formed of a multiphase 
material, shown in FIG. 8, is therefore divided into an 
interlayer dielectric layer 84 and an intralevel dielectric 
layer 86 at the boundary between via 92 and interconnect 94. 
An additional diffusion barrier layer 96 is further deposited 
on top of the upper dielectric layer 74. The additional benefit 
provided by this alternate embodiment electronic structure 
80 is that dielectric layer 82 acts as an RIE etch stop 
providing superior interconnect depth control. 

Still other alternate embodiments may include an elec- 
tronic structure which has layers of insulating material as 
intralevel or interlevel dielectrics in a wiring structure that _• 
includes a pre-processed semiconducting substrate which 
has a first region of metal embedded in a first layer of 
insulating material, a first region of conductor embedded in 
a second layer of the insulating material wherein the second 
layer of insulating material is in ultimate contact with the 3 
first layer of insulating material, and the first region of 
conductor is in electrical communication with the first 
region of metal, a second region of conductor in electrical 
communication with the first region of conductor and is 
embedded in a third layer of insulating material, wherein the 4 
third layer of insulating material is in intimate contact with 
the second layer of insulating material, a first dielectric cap 
layer between the second layer of insulating material and the 
third layer of insulating material and a second dielectric cap 
layer on top of the third layer of insulating material, wherein 4 
the first and the second dielectric cap layers are formed of a 
material that includes atoms of Si, C, O and H, or preferably 
a multiphase composition. 

Still other alternate embodiments of the present invention 
include an electronic structure which has layers of insulating 5. 
material as intralevel or interlevel dielectrics in a wiring 
structure that includes a pre-processed semiconducting sub- 
strate that has a first region of metal embedded in a first layer 
of insulating material, a first region of conductor embedded 
111 a second layer of insulating material which is in intimate 5: 
contact with the first layer of insulating material, the first 
region of conductor is in electrical communication with the 
first region of metal, a second region of conductor that is in 
electrical communication with the first region of conductor 
and is embedded in a third layer of insulating material, the 0 < 
third layer of insulating material is in intimate contact with 
the second layer of insulating material, and a diffusion 
barrier layer formed of a multiphase material including 
atoms of Si, C, O and H deposited on at least one of the 
second and third layers of insulating material. & - 

Still other alternate embodiments include an electronic 
structure which has layers of insulating material as intralevel 
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or interlevel dielectrics in a wiring structure that includes a 
pre-processed semiconducting substrate that has a first 
region of metal embedded in a first layer of insulating 
material, a first region of conductor embedded in a second 
5 layer of insulating material which is in intimate contact with 
the first layer of insulating material, the first region of 
conductor is in electrical communication with the first 
region of metal, a second region of conductor in electrical 
communication with the first region of conductor and is 
10 embedded in a third layer of insulating material, the third 
layer of insulating material is in intimate contact with the 
second layer of insulating material, a reactive ion etching 
(RIE) hard mask/polish stop layer on top of the second layer 
of insulating material, and a diffusion barrier layer on top of 
15 the RIE hard mask/polish stop layer, wherein the RIE hard 
mask/polish stop layer and the diffusion barrier layer are 
formed of a multiphase material including atoms of Si, C, O 
andH. 

Still other alternate embodiments include an electronic 
20 structure which has layers of insulating materials as intra- 
level or interlevel dielectrics in a wiring structure that 
includes a pre-processed semiconducting substrate that has 
a first region of metal embedded in a first layer of insulating 
material, a first region of conductor embedded in a second 
25 layer of insulating material which is in intimate contact with 
the first layer of insulating material, the first region of 
conductor is in electrical communication with the first 
region of metal, a second region of conductor in electrical 
communication with the first region of conductor and is 
1 embedded in a third layer of insulating material, the third 
layer of insulating material is in intimate contact with the 
second layer of insulating material, a first RIE hard mask, 
polish stop layer on top of the second layer of insulating 
material, a first diffusion barrier layer on top of the first RIE 
hard mask/polish stop layer, a second RIE hard mask/polish 
stop layer on top of the third layer of insulating material, and 
a second diffusion barrier layer on top of the second RIE 
hard mask/polish stop layer, wherein the RIE hard mask/ 
polish stop layers and the diffusion barrier layers are formed 
of a multiphase material including atoms of Si, C, O and H. 

Still other alternate embodiments of the present invention 
includes an electronic structure that has layers of insulating 
material as intralevel or interlevel dielectrics in a wiring 
structure similar to that described immediately above but 
further includes a dielectric cap layer which is formed of a 
multiphase material including atoms of Si, C, O and H 
situated between an interlevel dielectric layer and an intra- 
level dielectric layer. 

The present invention novel method and the electronic 
structures formed by such method have therefore been 
amply described in the above descriptions and in the 
appended drawings of FIGS. 1-9. It should be emphasized 
that the examples of the present invention electronic struc- 
tures shown in FIGS. 6-9 are merely used as illustrations for 
the present invention novel method which, obviously, can be 
applied in the fabrication of an infinite number of electronic 
devices. 

While the present invention has been described in an 
illustrative manner, it should be understood that the termi- 
nology used is intended to be in a nature of words of 
description rather than of limitation. 

Furthermore, while the present invention has been 
described in terms of a preferred and several alternate 
embodiments, it Ls to be appreciated thaithose skilled in the 
art will readily apply these teachings to other possible 
variations of the inventions. 



US 6,312,793 Bl 



13 



14 



The embodiment of the invention in which an exclusive 
property or privilege is claimed arc defined as follows: 
What is claimed is: 

1. A dielectric material having two or more phases com- 
prising: 

a first phase consisting essentially of Si, C, O and H, and 
al least one second phase dispersed in said first phase, said 
at least one second phase consisting essentially of C, H 
and a multiplicity of oanometer-si2ed pores, said 
dielectric material having a dielectric constant of not J 
more than 3.2. 

2. A dielectric material according to claim 1, wherein said 
first phase is a covalently bonded structure comprising 
Si— O, Si— C, Si— H and C — H bonds. 

3. A dielectric material according to claim 1 wherein at 1 
least one second phase is a covalently bonded structure 
comprising C — H bonds, said at least one second phase 
being covalently bonded to said first phase by bonds formed 
between C atoms in said at least one second phase and Si, 
C and O atoms in said first phase. 2 

4. A dielectric material according to claim 1, wherein said 
at least one second phase being a covalently bonded struc- 
ture comprising C — H bonds surrounded by said first phase. 

5. A dielectric material according to claim 1, wherein a 
multiphase material is formed by covalently bonding 2 
together a three dimensional network of said first phase and 
said at least one second phase. 

6. A dielectric material according to claim 1, wherein said 
first phase comprises between about 5 and about 40 atomic 
percent of St; between about 5 and about 45 atomic percent 



of C; between 0 and about 50 atomic percent of O; and 
between about 10 and about 55 atomic percent of H. 

7. A dielectric material according to claim I, wherein said 
at least one second phase comprises between about 45 and 
about 90 atomic percent of C and between about 10 and 55 
atomic percent of H. 

8. A dielectric material according to claim 1, wherein said 
multiplicity of nanometer-sized pores having diameters 
between about 0.5 run and about 100 nm. 

9. A dielectric material according to claim 1, wherein said 
multiplicity of nanometer-sized pores having diameters pref- 
erably between about 0.5 nm and about 20 nm. 

10. A dielectric material according to claim 1, wherein 
said multiplicity of nanometer-sized pores occupies between 
about 0.5% and about 50% of the total volume of said 
material. 

11. A film formed of the dielectric material according to 
claim 1, wherein said film having a thickness of not more 
than 1.3 micrometers and a crack propagation velocity in 
water of less than 10~ 9 m/s. 

12. A film according to claim 11, wherein said crack 
propagation velocity in water is less than 10" 10 m/s. 

13. A dielectric material composition according to claim 
1, wherein said Si atoms are at least partially substituted by 
Ge atoms. 

14. A dielectric material composition according to claim 
1 further comprising at least one element selected from the 

■ ; of F, N, and Ge. 



